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ABSTRACT 10 
 11 
Effect of wingtip vortices on the wind turbine performance can be reduced by diffusing the vortices from the 12 
blade tips using winglets. Unlike non-rotating wings, winglet have not been widely investigated for moving 13 
blades of wind turbines while there is a potential they could enable the wind turbine rotor to capture more 14 
kinetic energy from the moving air. There have been a number of studies on the effect of winglet parameters 15 
and configurations on the wind turbine performance, however a combined effect of winglet planform and 16 
airfoil has not been investigated in details. The present work reports on the study of the effect of winglet 17 
planform and winglet airfoil on the wind turbine performance using Computational Fluid Dynamics (CFD) 18 
tools. The National Renewable Energy Laboratory (NREL) phase VI rotor with 10 m diameter was used as 19 
baseline rotor and the CFD results were validated with the experimental data of the output power and pressure 20 
coefficients. Different designs of winglet in terms of its planform and airfoil have been numerically tested and 21 
optimised. The best improvement in the performance is achieved when a 15cm rectangular winglet with S809 22 
airfoil and 45
o
 cant angle is used.  23 
Keywords: aerodynamics; CFD; wind turbine; winglet, wingtip vortices 24 
 25 
1. Introduction  26 
Global warming and the upsurge in greenhouse emissions have been the main drive and motivation for 27 
developing alternative sources of energy over fossil fuels.  In particular, significant attention is being paid to 28 
renewable and pollution-free energies, such as solar energy and wind. Wind is one of the most important 29 
sources of renewable energy and it  could be supporting the global electricity by more than 20% by 2030 [1]. 30 
Numerous researchers have studied the aerodynamic behaviour of the flow field around wind turbines to gain 31 
a better understanding of how the rotor extracts the kinetic energy of the wind. In spite of being an expensive 32 
approach, wind tunnel experiments are implemented to analysis the aerodynamic behaviour of a wind turbine 33 
at different operating conditions. However, the flow field around wind turbine is very complicated due to 34 
turbulence generation, vortices and stall flow at different operating conditions, therefore more advanced and 35 
sophisticated measurement techniques for wind tunnel tests are required. Alternatively, aerodynamic models 36 
have been used to analyse the flow field around wind turbine to address the aforementioned shortcoming in 37 
experiments.  38 
According to the literature, Blade Element Momentum (BEM), Vortex Method (VM) and Computational Fluid 39 
Dynamic (CFD) are the common approaches that are used to calculate the aerodynamic forces [2]. BEM is a 40 
basic approach to design a rotor based on a combination of momentum and blade element theories by dividing 41 
the wind turbine blades into independent elements. A set of equations are produced which are solved iteratively 42 
by balancing axial and angular momentum for each element. A deficiency of this method is that, for heavy 43 
loaded conditions, when the axial induction factor is greater than 0.5, the classical BEM theory fails to 44 
accurately predict the wind velocity in the far wake flow due to the existing turbulence and recirculation 45 
flow[3]. In this situation, the BEM predicts the wake flow velocity as a negative value, which is unreasonable 46 
[4]. Hence, the classical BEM theory should involve a number of empirical models with a view to improve 47 
the relationship between the thrust coefficient and axial induction factor [5].  48 
 It is proven that, due to the dynamic stall effects, the aerodynamic coefficients are significantly influenced by 49 
the rotational effects [6]. Zhang [7] reported that the BEM fails to match the measured shaft torque when the 50 
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wind speed is higher than 7 m/s due to the dominant rotational effects. In the stall conditions, the rotor is more 51 
efficient in producing power that is predicted using models based on two-dimensional airfoil characteristics 52 
[8, 9].  53 
Further, the tip losses are considered big challenges that can cause uncertainty in the prediction of BEM. 54 
Therefore, a number of correction factors are used to improve the classical BEM analysis, such the PrandtlÕs 55 
tip loss correction  [10]. In addition, other tip loss corrections have been derived in different work which are 56 
summarized by Shen, Mikkelsen [11]. In general, the major drawback of the model is that it is dependent on 57 
the empirical correction, which are not always available to the requirements of all operating conditions such 58 
as misalignment, dynamic stall, tower influence and finite number of blade  [12]. 59 
 60 
Unlike BEM methods, VM implements a more sophisticated approach to model the flow field around the wind 61 
turbine by assuming that the flow field is inviscid. According to VM, the wind turbine blade and wake are 62 
modelled by vortex particles or vortex filaments where the rotor is modelled by lifting line, lifting surface or 63 
the panel method. The lifting line method is based on PrandtlÕs lifting line theory and the blade is divided into 64 
a number of sections. Each section is modelled by a straight vortex filament of constant strength. By using the 65 
available aerodynamic data for lift (Cl) and drag (Cd) coefficients verses the angle of attack, wind turbine 66 
output power and torque can be calculated. Interestingly, the VM intrinsically predicts the effects of tip 67 
vortices and does not need to be corrected by implementing tip loss factors  [13]. However, these methods do 68 
not have the potential to predict the flow separation and rely on existing data on Cl and Cd [14]. 69 
 70 
On the other hand, due to a rapid improvement in computational power, CFD has become an attractive method 71 
in diverse engineering fields as it can solve the Navier-Stokes (N-S) equations which are based on the 72 
conservation of mass, momentum and energy. The robust points behind this method are that, CFD has the 73 
potential to effectively describe the behaviour of flow as laminar, transitional or turbulent. Moreover, it can 74 
deal with different turbulence models in different conditions. In addition, CFD can present the output results 75 
of streamlines, pressure and velocity contours as actual flow around a wind turbine without the need of 76 
previously reported Cl and Cd values [15]. Recently, CFD has been used as the main tool to predict the 77 
horizontal axis wind turbine (HAWT) performance because of its potential to model the 3D effects, for 78 
instance turbulence phenomenon, stall flow, yawed factor and providing detailed flow inside boundary layers.    79 
In the last few years, many researchers investigated the improvement of wind turbine output by studying the 80 
aerodynamic characteristics of wind turbine blades. Vortices are considered a source to generate the induced 81 
drag and reduce the lift force. The main function of winglets attached to the blade is to reduce the effect of the 82 
wingtip vortices which are generated due to 3D spanwise flow that occurs because of the pressure non- 83 
equalization between the upper and lower blade surfaces. Furthermore, any extension of a blade that 84 
significantly influences the fluid flow could potentially extract more available energy. Accordingly, the 85 
winglet planform and airfoil play a significant role to extract additional available energy from the fluid flow 86 
beside its function to reduce the impact of the wingtip vortices on the wind turbine blade tip by shifting the 87 
wing tip vortices away from blade tip to winglet tip. Unlike non-rotating wings, winglet parameters have not 88 
been fully investigated  for rotating wings for instance wind turbines.  Maughmer [16] stated that, the most 89 
important winglet parameters that should be studied to maximize its performance are planform shape, winglet 90 
height, sweep, twist, toe and cant angles. Each parameter plays a different role in improving a winglet 91 
performance. A planform shape is employed to control the spanwise flow to minimize the effect of induced 92 
drag. Additionally, winglet height and planform increase a profile drag which significantly affects the winglet 93 
performance [17]. Meanwhile, the winglet sweep and twist angles are responsible for a normal load 94 
distribution on the winglet planform to avoid the stalled flow on a winglet. Further, the toe angle controls the 95 
aerodynamic effect of the winglet on the load distribution which exists along a wing [18]. Whereas, the cant 96 
angle controls the upwards and downwards flow direction on a wing. 97 
 In the literature, the majority of studies used computational fluid dynamics (CFD) methods to solve the 98 
governing equations that control flow around the wind turbine and to investigate the effect of winglet 99 
parameters.  Elfarra, Sezer Uzol [19] studied the aerodynamic impact of four rectangular winglets by 100 
optimizing cant and twist angles. The study shows that, the wind turbine production  increased by 9% when 101 
using a winglet that was extended by 1.5% of the blade length and titled towards the suction side with 45
o
and 102 
2
o
 cant and twist angles, respectively. Gupta and Amano [20] investigated the influence of the winglet height 103 
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and cant angle on the wind turbine output power. A 20% increase in the output power  was established by a 104 
winglet with the cant angle of 45
o
 and extending height of 4% of the blade radius. Congedo and De Giorgi 105 
[21] studied the optimization of the winglet height and the curvature radius. Their results show that, increasing 106 
the curvature radius of the winglet by 50% leads to a slight increase in the mechanical power by 1.6%, and by 107 
1.7% when increasing the winglet height by 25%. Johansen and S¿rensen [22] reported the winglet influences 108 
on mechanical power and thrust force. Different rectangular winglet parameters such as winglet height, 109 
curvature radius, sweep and twist angle were considered and optimized. The results showed that an increase 110 
of the twist angle from 0
o
 to 8
o
 leads to 1.6% increase in mechanical power and 1.9% in thrust force. However, 111 
the greatest increase was achieved by the configuration, which was bent toward the suction side and twisted 112 
by -2
o
. The increase in mechanical power was 1.71%, at a wind speed 10 m/s. Ali [23] examined the effect of 113 
the rectangular winglet position (upwind and downwind) on small wind turbine performance experimentally. 114 
The experimental results showed that the maximum power coefficient was 0.48 as a result of adding the 115 
upwind winglet, whereas the baseline produced 0.45. In contrast, the downwind winglet caused a drop in the 116 
maximum power coefficient from 0.45 (baseline) to 0.41. Other researchers investigated effect of winglet 117 
shape on the wind turbine performance. Ariffudin and Zawawi [24] reported the comparison between two tip 118 
extensions (sword and swept) and rectangular winglet shapes that have 20 mm length and tilted by 83
o
 cant 119 
angle toward the upwind and downwind directions. The results showed that both the tip extensions perform 120 
better than winglet configurations. Gertz [18] investigated the effect of winglet planform where rectangular 121 
and elliptical winglets were created using the PSU 94-097 airfoil. Both winglets were pointed by a 90
o
 cant 122 
angle and the winglet height was 8% of the baseline blade with 1440mm length toward the suction side. The 123 
winglet parameters were taken previous literature and MaughmerÕs  recommendations. The study showed both 124 
winglets increased the power output by 5%, at wind speeds between 6.5 m/s to 9.5 m/s when compared to the 125 
baseline case. However, the wind turbine output decreased beyond this wind speed range. This is probably 126 
due to the reason that length of winglet has significant effect on the profile drag at high wind speeds and this 127 
was not investigated by the author. 128 
Despite extensive previous studies on the winglet parameters according to MaughmerÕs recommendations[16], 129 
the combined influence of winglet planform and winglet airfoil on the performance has not been investigated 130 
in detail. 131 
This paper investigates the effect of winglet planform and winglet airfoil on the NREL phase VI performance 132 
as they play a significant role in diffusing wingtip vortices. For this purpose, two winglet planforms, the 133 
rectangular and elliptical are examined.  Moreover, the effect of the airfoil on the winglet performance is 134 
studied by employing the S809 and PSU 94-097 airfoils to create a profile of the winglet configurations. 135 
The CFD tool was chosen to model the flow field around the National Renewable Energy Laboratory (NREL) 136 
phase VI rotor and the validation was done by comparing the calculated output power, pressure coefficients 137 
with the measured data.  138 
2. NREL Phase VI Configuration 139 
The NREL phase VI rotor geometry was chosen as a baseline case to validate the CFD results.  This rotor was 140 
tested experimentally in a wind tunnel (24.4 x 36.6 m) at NASAÕs Ames Research Centre.  The NREL phase 141 
VI rotor is an upwind horizontal axis wind turbine and consists of two tapered and twisted blades that are 142 
constructed using S809 airfoil such as shown in Fig. (1). The specifications of the blade and the rotor 143 
parameters are shown in Table (1) [25]. 144 
 145 
 146 
 147 
 148 
 149 
 150 
 151 
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                                         Table (1) Specifications of the NREL phase VI rotor. 152 
Number of blades 2 
Rotor diameter 10.058 
RPM 72 
Rotor location Upwind 
Power regulation Stall regulated 
Pitch angle 3
o
 
Output power   20kW 
Profile of blade S809 
Twist angle Non-liner twist along the span 
Blade thickness 21% throughout the span 
Cone angle 0
o
 
Blade chord length 0.728m-0.358m (linearly tapered) 
                  153 
 154 
                                                155 
Fig. (1) The NREL Phase VI rotor geometry[25]. 156 
3. Governing Equations  157 
The main concept of CFD is to solve the fundamental equations of the fluid dynamics which are known as the 158 
Navier-Stokes equations. The Navier-Stokes equations are based on the conservation laws; known as the 159 
conservation of mass, momentum and energy as defined in the following [26].  160 
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Where  168 
  �, � and � =components of the velocity in the x, y and z direction respectively. 169 
  � = pressure. 170 
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   �;< = the normal and shear stresses that affect the 3D fluid particles. 171 
  �>?, 	�>Α	and �>Β = body forces per unit of mass in the x, y and z direction. 172 
 173 
Based on the Reynolds decomposition, additional turbulent stresses occur in the Reynolds Averaged Navier 174 
Stokes (RANS) which are written as follows. 175 
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 178 
In this study, the Spalart-Allmaras and  � − �	��� models were used to close the RANS equations.  179 
 180 
4. Methodology 181 
In this work, the Moving Reference Frame (MRF) approach was chosen to model the flow field around a wind 182 
turbine. The MRF is a steady-state approximation model that permits an unsteady stationary frame to be steady 183 
with respect to the moving frame where different rotational and /or translational speeds can be specified for 184 
different zones [27]. A comparative study was performed on different domain sizes by varying the downstream 185 
distance as 2.5D, 4D, 6D while keeping the upstream distance as D (Fig. 2a).  From Fig. (2a), the 2.5D domain 186 
was chosen an optimum domain size where the predicted torque agrees reasonably with the wind tunnel data 187 
at wind speeds of 5m/s and 7m/s.  In fact, the wind tunnel size in experiment is 2.5D which is probably the 188 
main reason for this agreement. In addition, same the validated numerical results were obtained in a number 189 
of studies which utilised the current domain size [28, 29]. Further, similar match to experimental data was 190 
achieved in a number of investigations that implemented a downstream distance more than 4D [30, 31].    191 
The domain is divided into a rectangular domain that is located away from blades and rotating cylindrical 192 
domain that is close to the blades while the interface boundary condition was used to merge the separated 193 
frames as shown in Fig. (2b). Uniform wind speeds were applied from 5m/s to 25 m/s at the inlet of the 194 
computational domain and the gage pressure was assigned to zero at the outlet of domain. The no-slip shear 195 
condition and rotating wall were imposed to define the rotor blades while the wall of the rectangular domain 196 
was defined stationary with no-slip condition.   197 
An unstructured mesh was used to discretize both zones using a mesh generator (Ansys 17.0) as shown in 198 
Figs. (3) and (4). In addition, to integrate the partial differential equations from the viscous sub-layer without 199 
using wall function, meshes were generated with y+ less than 2 in the near wall grid cell, with 10 prism layers 200 
close to the blade surface. The steady state CFD simulation, RANS equations and two different turbulence 201 
models including of Spalart-Allmaras and Shear Stress Transport (SST) K-ω were implemented to solve the 202 
governing equations using Ansys Fluent 17.0. The second order upwind schemes were utilized to discretize 203 
the convection terms and the SIMPLE algorithm was used for the pressure-velocity coupling. The solution 204 
convergence was established by monitoring the residual history, moment and lift coefficients over 2000 205 
iterations. However, an adequate convergence was noticed after 1200 iterations when the convergence criteria 206 
were 10
-6
 for all variables. 207 
 208 
 209 
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 210 
Fig. (2a) Assessment of computational domain sizes. 211 
 212 
 213 
 214 
Fig. (2b) Schematic diagram of the chosen computational domain. 215 
    216 
Fig. (3) View of the unstructured grid in stationary domain.  Fig. (4)View of the unstructured grid in rotating domain. 217 
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 218 
5. Numerical results 219 
The numerical calculations have been performed using the commercial general-purpose software Ansys-220 
Fluent 17.0. The CFD results were divided into two parts. A validation part was done to assess the capability 221 
of the computational model to predict the experimental data of the NREL phase VI rotor published by the 222 
(NREL). The second part is the numerical results that were obtained by attaching two different winglet 223 
planforms. The validation was carried out by comparing the wind turbine aerodynamic power, normal force 224 
coefficients and distribution of pressure coefficients at different spanwise sections for different wind speeds 225 
along the wind turbine blade with measured data. Fig. (5) shows the comparison of computed power that was 226 
obtained using two different turbulence models with the measured power of the NREL phase VI rotor. The 227 
output power was calculated by monitoring the torque around a rotating axis and multiplying with the angular 228 
velocity using Eq. (7). Grid independence analysis was carried out on the numerical torque values at the wind 229 
speeds 5m/s and 7m/s by refinement of mesh around the blade surface as shown in Fig. 6. 230 
� = � ∗ �      (7) 231 
Where  232 
P: computed output power (W). 233 
T:  torque (N.m). 234 
ω: angular velocity (rad/s). 235 
 236 
 From Fig. (5), it can be observed that, there is a good agreement between the computed power and the 237 
measured data at low and moderate wind speeds between 5 and 8 m/s. However, the Spalart-Allmaras model 238 
over predicted the output power at high wind speeds due to a stall regime that occurs at the wind speeds of 11 239 
m/s to 25 m/s. Unlike Spalart-Allmaras model, the K-ω (SST) model shows better performance to capture the 240 
flow parameters at the pre-stall and stall regimes. This result is expected due to different techniques that are 241 
followed by each model to predict the effects of the turbulence. However, the SST model shows a discrepancy 242 
by about 11 % comparing to the experimental data for the wind speeds 9-11 m/s. The reason for this 243 
discrepancy might be due to the effect of the transition flow which occurs at wind speeds  of 9m/s to 11m/s 244 
[32]. 245 
Spalart-Allmaras model is an economical model which solves a single transport equation to compute the 246 
kinematic eddy viscosity. The turbulence length scale is modelled using an algebraic equation.  Additionally, 247 
it has been shown by other researchers that a good prediction of the flow parameters in the boundary layers 248 
with moderate adverse pressure gradients can be obtained which are the most important aspects to predict the 249 
location of the stalled flow in the aerodynamic applications including wind turbine. The main weakness of the 250 
Spalart-Allmaras model is that, it predicts high backflow velocities in the recirculation region due to its 251 
insensitivity to the effect of adverse pressure gradients [33]. 252 
                                 253 
8 
 
 254 
Fig. (5) Comparison of measured and calculated power using couple turbulence models. 255 
 256 
 257 
Fig. (6) Effect of grid refinement on the computed torque. 258 
On the other hand, the SST model is a two-equation model, a hybrid method, that combines two different 259 
turbulence models of k-ω and k-ε by using a blending function that implements the k-ω model near the wall 260 
and gradually converting to the k-ε model in a region sufficiently far away from the wall.  261 
Hence, it is able to capture the separated flow that occurs at the wind speeds above 10m/s more accurately. 262 
Therefore, the SST model was used to simulate the baseline rotor with all winglet designs.  263 
Figs (7), (8) and (9) show the comparisons of measured and calculated pressure coefficients and normal force 264 
coefficients for wind speeds of 7, 10 and 25 m/s at 30%, 47%, 63%, 80% and 95% spanwise sections of the 265 
blade, respectively. The pressure coefficients and normal force coefficients were calculated as follows. 266 
 267 
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  273 
Where, 274 
   P: computed local static pressure.      �Ξ: wind speed [m/s]. 275 
			�Ξ: Free-stream static pressure.          ω : Angular velocity [rad/s]. 276 
   �: Free stream density [Kg/m
3
].          r:  radial distance from the hub centre to the blade                 277 
                                                                    section [m]. 278 
And  279 
�� =
���1���]�
��
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Where, 281 
�_;: The normalized calculated pressure coefficient.  282 
		�;: The normalized distance along the chord line. 283 
 284 
At low and moderate wind speeds of 7 and 10m/s, it could be noticed that good agreements were obtained 285 
with the measured results at all spanwise sections for pressure and normal force coefficients where the stall 286 
does not exist at these wind speeds. However, it is clear from Fig. (9) that there is a discrepancy between the 287 
measured and computed pressure coefficient distributions and normal force coefficients at 25m/s, particularly 288 
in the suction side. The discrepancy was found in 30%, 47%, 63% and 80% spanwise sections due a strong 289 
stalled flow which occurred at this speed and in these sections of the blade. This result explains why k-ω SST 290 
model performs differently as compared with measured data at wind speeds above 10 m/s where the stalled 291 
flow occurs. Similar results were obtained by a number of researchers [34], [35] and [19]. 292 
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 295 
Fig. (7)  Comparison of CFD and measured coefficients (pressure and normal force) at 7 m/s. 296 
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 300 
 301 
 302 
Fig. (8) Comparison of CFD and measured coefficients (pressure and normal force) at 10 m/s. 303 
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 309 
Fig. (9)  Comparison of CFD and measured coefficients (pressure and normal force) at 25 m/s. 310 
 
 
 
6. Winglet configurations: 311 
In this study, the baseline blade tip shown in Fig. (10) was modified by attaching different winglet 312 
configurations.  Two different winglet planforms, namely, rectangular and elliptical as shown in Fig (10) were 313 
studied to investigate the influence of the winglet planform on the aerodynamic behaviour of the blade. The 314 
rectangular winglet planform was created by extending the height of the blade tip chord; meanwhile the 315 
elliptical winglet planform was created with 75% linear reduction of the chord length from root towards the 316 
winglet tip. In addition, S809 and PSU 94-097 airfoils were chosen to create two different winglet profiles. A 317 
transition section was created to attach the baseline blade to each winglet configuration generated by the PSU 318 
94-097 or S809 airfoil. The four winglet configuration parameters are listed in Table (2).  319 
The S809 airfoil as shown in Fig. (11) was designed theoretically and verified experimentally for the NERL 320 
by Airfoils and Incorporated State college [36]. The S809 airfoil was tested at Reynolds numbers of 1.0 x 10
6
 321 
to 3.0 x10
6 
where fluid flow characteristics such aerodynamic coefficients, transitional flow and stall regime 322 
on the upper and lower airfoil surfaces were investigated.  323 
 In contrast, the PSU 94-097 airfoil shown in Fig. (12) was designed as a winglet airfoil at Reynolds numbers 324 
of 2.4 x10
5
 to 1.0 x 10
6  
to improve the performance of sailplanes [37]. In addition, for this airfoil the 325 
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requirements that satisfy winglet its performance in a wide range of low-speed applications were considered 326 
which makes it suitable for horizontal axis wind turbines [38] and [39]. 327 
 Therefore, the S809 airfoil was chosen to construct a winglet profile as it has similar aerodynamic 328 
characteristics of the baseline tip airfoil. In contrast, the function of winglet is diffusing of the wingtip vortices, 329 
which is different than the baseline blade. Meanwhile, the PSU 94-097 airfoil that was tested for low speed 330 
application was also considered in this study.   331 
For winglet cases, the same mesh topology and numerical methodology that were used to assess the validation 332 
of the baseline case were followed. The overall number of cells is increased from 11 million cells to more than 333 
13 million cells due to the addition of winglet.  In addition, the effect of grid refinement on the computed 334 
torque was investigated by the refinement of cell size from 7 mm to 6mm  (increasing the overall cell number 335 
to just over 17 million cells). The refinement was applied on the configuration 1 and change in the computed 336 
torque were found to be about 0.6% and 1% at the wind speeds of 5 m/s and 7 m/s, respectively. 337 
The winglet height and cant angle were chosen after an optimization study where the best performance in 338 
terms of output power at different wind speeds has been achieved.  The results are shown in Table 3 and it can 339 
be seen that for each configuration a 15cm extension of the blade tip with 45
o
 cant angle towards the suction 340 
side of the blades provides the best performance in terms of increasing the predicted output power as compared 341 
to the base line. 342 
 343 
 344 
 345 
Fig. (10) A-Baseline blade B-Rectangular (S809) C- Rectangular (PSU 94-097) 346 
D-Elliptical (S809) E- Elliptical (PSU 94-097). 347 
 348 
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                          349 
Fig. (11) Schematic of S809 airfoil.                    Fig. (12) Schematic of PSU 94-097 airfoil. 350 
 351 
                                                   352 
 353 
 354 
 355 
 356 
 357 
 358 
 Table (2) Winglet configurations. 359 
Configuration No. Winglet Planform Winglet airfoil 
1 Rectangular S809 
2 Rectangular PSU 94-097 
3 Elliptical S809 
4 Elliptical PSU 94-097 
                                      360 
  361 
 362 
  363 
 364 
 365 
 366 
 367 
 368 
 369 
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 Table (3) Optimisation study of the effect of winglet height and cant angle 370 
 371 
 372 
 373 
 374 
 375 
 376 
 377 
 378 
 379 
 380 
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 384 
 385 
 386 
 387 
 388 
 389 
 390 
                 391 
 392 
 393 
 394 
 395 
 396 
 397 
 398 
 399 
 400 
 401 
 402 
 403 
 404 
 405 
 406 
7. Sectional flow and surface wall shear streamlines 407 
Figs. (13) and (14) show the influence of configurations 1 and 3 (effect of planform shape with fixed airfoil) 408 
on the cross-sectional flow and surface wall streamlines at the wind speeds of 7 m/s and 15 m/s. Considering 409 
the spanwise direction, there is no significant effect on the flow behaviour at the five spanwise sections of the 410 
baseline blade for the cases of 7 m/s and 15 m/s. 411 
In contrast, the influence of configurations 1 and 3 can be clearly observed by presenting the skin friction 412 
streamlines at the wind speeds of 7 m/s and 15 m/s as shown in Figs. (15) and (16), respectively. 413 
At 7m/s where the flow is almost attached, Fig. (15) shows the spanwise flow in two opposite directions that 414 
meet at the baseline blade tip and trailing edge. Additionally, the skin friction lines show a similar flow 415 
behaviour for the baseline blade along the spanwise direction comparing to the blade with configurations 1 416 
and 3 except at the blade tip. 417 
 
 
 
 
Configuration(1) 
Rectangular 
(S809) 
airfoil 
 
Cant 
angle 
 
Winglet 
Length 
Percentage of increase/decrease in power (%) 
Wind Speed (m/s) 
5 7 10 15 20 25 
 
90
o
 
5cm 3.5 3.8 5.3 -0.34 -5.5 -0.88 
10cm 5.0 6.3 9.5 7.9 -5.1 -3.3 
15cm 5.4 6.7 7.1 -2.0 -6.0 -4.3 
 
45
o
 
5cm 5.1 5.1 5.4 2.0 -2.6 0.5 
10cm 7.0 6.8 7.4 0.29 -3.5 -3.9 
15cm 9.1 9.4 9.8 6.1 1.1 9.1 
 
 
Configuration(2) 
Rectangular 
(PSU94-097) 
airfoil 
 
90
o
 
5cm -2.5 -2.6 -4.6 -4.2 -4.0 -2.0 
10cm -1.9 -1.3 -4.1 -9.1 -6.4 -1.6 
15cm 0.3 -3.2 -4.3 -9.7 -7.4 -7.9 
 
45
o 
 
5cm 0.43 -1.4 -4.9 -1.6 -0.5 -3.8 
10cm 2.7 0.9 -3.7 -4.5 -3.0 -1.0 
15cm 5.6 3.6 0.55 -7.2 4.2 5.8 
 
 
Configuration(3) 
Elliptical 
(S809) 
airfoil 
 
90
o
 
5cm 1.6 -0.1 -3.7 -3.8 3.7 -0.05 
10cm 2.6 0.6 -3.0 -6.0 -3.2 -2.1 
15cm 3.6 1.5 -2.0 -10.4 8.2 2.2 
 
45
o 
 
5cm 0.8 -0.9 -4.8 -13.5 -3.3 -3.5 
10cm 3.7 1.6 -2.2 -5.2 1.19 0.55 
15cm 6.2 3.4 0.09 -11.1 -1.11 -1.85 
 
 
Configuration(4) 
Elliptical 
(PSU94-097) 
airfoil 
 
90
o
 
5cm 0.7 -1.2 -5.3 -8.2 -8.0 -4.4 
10cm 2.0 0.06 -4.2 -13.4 -5.7 -2.6 
15cm 3.3 1.3 -2.5 -8.4 2.8 -3.0 
 
45
o 
 
5cm 1.0 -1.1 -4.5 -9.1 -5.6 4.0 
10cm 3.7 1.5 -2.6 -8.5 4.7 -5.6 
15cm 6.0 3.0 -1.7 -9.8 -4.8 -1.9 
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At the blade tip, Fig. (15) shows that the skin friction lines are diffused from the blade tip to the trailing edge 418 
in the pressure and suction sides for configurations 1 and 3. In this way, the configurations 1 and 3 reduce 419 
wingtip vortices at the baseline blade tip. Accordingly, the wingtip vortices are generated on the tip and trailing 420 
edge of configurations 1 and 3 instead of a tip of the baseline blade as shown in Fig. (17). 421 
 422 
Fig. (18) shows the streamlines at the top for the baseline as well as configurations 1 and 3. The comparison 423 
shows that configuration 3 can decrease wingtip vortices more than configuration 1. This is due to the 424 
difference in the tip chord reduction of configurations 3 and 1.  425 
 426 
A similar conclusion can be drawn at 15 m/s where the suction side of a blade is dominated by the stalled flow 427 
(Figs. 16 and 19). 428 
 429 
Fig. (20) shows different role of configurations 1 and 3 in the improvement of pressure distribution towards 430 
the span of the blade at the wind speed of 7m/s. Unlike configuration 3, further improvement is obtained in 431 
the pressure distribution near the blade top, for configuration 1. This improvement is clearly observed in the 432 
95% and 98% spanwise sections of the modified blade when comparing to the baseline blade, as shown in 433 
Figs. (21) to (22) respectively. It is worth noting that the literature considered the winglets as diffusing devices 434 
which carry the wingtip vortices away from the rotor blade tip leading to an increase in the wind turbine 435 
performance. While in the current study, the comparative results between the rectangular and elliptical 436 
winglets reveal that an optimum extending (swept area) in a rotor is the main reason behind an increase in the 437 
wind turbine power. Consequentially, among the winglet parameters, both of winglet length and cant angle 438 
are the most important parameters could significantly improve the wind turbine performance. 439 
 440 
 
 
 441 
Fig. (13)  Comparison of sectional flow streamlines between baseline blade  442 
and configurations (1, 3) at 7m/s. 443 
17 
 
 444 
Fig. (14) Comparison of sectional flow streamlines between baseline blade 445 
and configurations (1, 3) at 15m/s. 446 
 
 
 
 
 
 
 
 
 447 
Fig. (15) Comparison of surface wall shear streamlines between   baseline blade  448 
and configurations (1, 3) at 7m/s. 449 
18 
 
 450 
Fig. (16) Comparison of surface wall shear streamlines between baseline blade  451 
and configurations (1, 3) at 15 m/s. 452 
 453 
 454 
Fig. (17) Comparison of vorticity iso-surface at the blade tip region 455 
between baseline blade and configurations (1, 3) at 7 m/s. 456 
 
 457 
 458 
Fig. (18)  Comparison of the tip streamlines between baseline blade  459 
and configurations (1, 3) at 7m/s. 460 
19 
 
 461 
Fig. (19) Comparison of the tip streamlines between baseline blade 462 
and configurations (1, 3) at 15m/s.  463 
 464 
Fig. (20) Comparison of the pressure distribution of the baseline blade  465 
and configurations 1 and 3 at 7m/s. 466 
 
 
 
 
 
20 
 
 
Fig. (21) Comparison of the sectional pressure distribution of the baseline blade  
and configurations 1 and 3 at the spanwise of 95%. 
 
 
Fig. (22) Comparison of the sectional pressure distribution of the baseline blade  
and configurations 1 and 3 at the spanwise of 98%. 
 
 
 
8. Pressure coefficients 467 
In order to understand the aerodynamic effect of the winglet function on the NREL phase VI production, 468 
comparisons of the calculated surface pressure coefficients were done between the baseline rotor and the 469 
winglet configurations of 1 and 3 (Table 2) at wind speeds of 7m/s, 10m/s and 25m/s as shown in Figs (23), 470 
(24) and (25). The pressure coefficient plots shown in Fig. (23) display that, the pressure coefficient 471 
distributions were improved on the spanwise suction side particularly on the sections that are located near the 472 
blade tip as the winglet was tilted toward the suction side. This improvement is clearly observed in the 95% 473 
and 98% spanwise sections of the blade length. The improvement of the pressure coefficients suggests that, 474 
an additional energy is extracted from the fluid flow by the rotor as a result of using winglets. When 475 
considering the effect of the winglet planform, Fig. (23) shows the configuration 1 results in more 476 
improvement in the pressure coefficients than the winglet configuration 3 on the suction sides. Similar 477 
conclusions can be drawn at 10 m/s and 25 m/s as shown in Figs (24) and (25), respectively. The normal force 478 
coefficients Cn were also increased as compared to the baseline at 7 m/s, 10m/s and 25 m/s speeds due to the 479 
influence of the winglet as shown in Figs (23), (24) and (25), respectively.   480 
 
21 
 
 481 
 482 
 483 
Fig. (23) Comparison of CFD and measured coefficients (pressure and normal force) using winglet at 7 m/s. 484 
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 485 
 486 
 487 
 488 
 489 
Fig. (24) Comparison of CFD and measured coefficients (pressure and normal force)  490 
using winglet at 10 m/s. 491 
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 492 
 493 
 494 
 495 
 496 
Fig. (25) Comparison of CFD and measured coefficients (pressure and normal force)  497 
using winglet at 25 m/s. 498 
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9. Power and Thrust Force 499 
Table (4) shows the results of the percentage of increase/decrease in the output power and thrust force using 500 
four different winglet configurations. The table shows that, the maximum increase in the output power was 501 
achieved by configuration 1 in comparison with other winglet configurations. Fig. (26) shows the change in 502 
the output power of the NREL phase VI for the four configurations. The configuration 1 causes an increase in 503 
output power by more than 9% at wind speeds of 5-10 m/s where the fluid flow regime is attached. On the 504 
other hand, the increase in the performance of this configuration reduced to 6% and 1% at wind speeds of 505 
15m/s and 20m/s, respectively, where the flow is in the stall regime. In addition, the NREL phase VI rotor is 506 
designed to improve the power production at wind speeds of more than 20m/s as shown in experimental data 507 
in Fig. (5). Accordingly, the winglet configuration 1 led to an increase in the performance by 9% at wind speed 508 
of 25m/s as shown in Fig. (26) due to an improvement in the pressure coefficients as explained previously, in 509 
addition to diffusing the tip vortices away from the blade tip. However, at this wind speed other winglet 510 
configurations caused an increase in output power less than that of configuration 1.  511 
 512 
The performance of configurtaion1 is compared with the winglet design  created by Elfarra, Sezer-Uzol [40] 513 
as shown in Fig. (27). This winglet is generated by 7.5 cm extension of blade towards the suction side by a 514 
cant angle of 84
o
 and twisted angle of 2
o
. It can be seen that at low wind speeds ElfarraÕs winglet performs 515 
better than configuration 1.  However, at the wind speeds higher than 22.5 m/s, configuration 1 has better 516 
performance than the ElfarraÕs winglet.  517 
In addition, Table (4) shows that, the maximum increase in the thrust force is obtained by attaching winglet 518 
configuration 1. A comparison of the blade thrust force for the baseline and configuration 1 (rectangular 519 
winglet with S809) is also shown in Fig. (28). The main disadvantage of the thrust force increase is possible 520 
tip deflection due to an increase in the flapwise bending moment. Nevertheless, the increase in the thrust force 521 
predicted for configuration 1 is not a great concern for a safe operation of the wind turbine. 522 
 523 
 524 
 525 
 526 
 527 
 528 
 529 
 530 
 531 
 532 
 533 
 534 
 535 
 536 
 537 
 538 
 539 
 540 
 541 
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              Table (4) Increase in power and thrust force using different winglet configurations. 542 
      
  
Rectangular Winglet 
Cant angle 45
o
/ h=15cm 
Elliptical Winglet 
Cant angle 45
o
/ h=15cm 
 
Winglet airfoil 
S809 (1) 
Winglet airfoil 
PSU 94-097 (2) 
Winglet airfoil 
S809 (3) 
Winglet airfoil 
PSU 94-097 (4) 
Wind Speed 
(m/s) 
 
Power 
(%) 
 
Thrust 
(%) 
 
Power 
(%) 
 
Thrust 
(%) 
 
Power 
(%) 
 
Thrust 
(%) 
 
Power 
(%) 
 
Thrust 
(%) 
5 9.1 10.3 5.6 9.5 6.2 5.9 6.0 7.6 
7 9.4 9.6 3.6 6.6 3.4 3.9 3.0 4.6 
10 9.8 6.9 0.55 3.9 0.09 1.4 -1.7 1.7 
15 6.1 5.9 -7.2 4.9 -11.1 1.6 -9.8 2.6 
20 1.1 2.7 4.2 2.0 -1.11 0.3 -4.8 -0.3 
25 9.1 3.3 5.8 1.8 -1.85 -0.47 -1.9 -0.05 
 543 
 544 
 545 
Fig. (26) Comparison of calculated power using different winglet designs with the baseline. 546 
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 548 
 549 
Fig. (27) Comparison of the percentage of power increase of configuration1 with the literature. 550 
 
 
 551 
 552 
Fig. (28) Comparison of calculated blade thrust force for the baseline and with rectangular winglet with the 553 
experimental data (baseline only). 554 
 555 
10. Conclusions 556 
In this study, two different winglet planforms, rectangular and elliptical, were numerically tested using CFD 557 
to investigate their effect on the wind turbine performance. Two airfoils, S809 and PSU 94-097, were chosen 558 
to create different winglet profiles. The NREL phase VI rotor was chosen to validate the baseline CFD 559 
simulations as there is experimental data available for this case.  The optimisation study reveals that 15cm 560 
height with 45
o
 cant angle are the best parameters for winglet configurations.  561 
 562 
The elliptical planform reduces the effect of the wingtip vortices more than rectangular one due to the 563 
reduction in the tip for elliptical case. However, the improvements of the pressure coefficients near the blade 564 
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tip reveal the superiority of rectangular planform for extracting more energy than as compared to the elliptical 565 
winglet. Accordingly, the extended area that is added to the turbine blade causes an improvement in the 566 
performance more than weakening the effect of the wingtip vortices as shown in Figs. (18) and (19).  Further, 567 
the numerical results show that for the winglet the S809 airfoil has potential to improve the NREL phase VI 568 
performance better than the PSU 94-097 airfoil. Hence, winglet planform and airfoil both play significant roles 569 
in influencing the wind turbine performance and thrust force.  Overall it is found that configuration 1 570 
(rectangular winglet with airfoil S809) results in the best increase in the performance of the NREL phase VI 571 
rotor. However, it should be noted that the successful winglet design is significantly affected by the operating 572 
conditions for each wind turbine such as Reynolds number, turbulence and flow separation. Therefore, there 573 
is an optimum winglet design that has a potential to improve the performance of wind turbine at each operating 574 
condition.  575 
 576 
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